Methane activation chemistry, despite being widely reported in literature, remains to date a subject of debate. The challenges in this reaction are not limited to methane activation but extend to stabilization of the intermediate species. The low C-H dissociation energy of intermediates vs. reactants leads to CO2 formation. For selective oxidation, nature presents methane monooxygenase as a benchmark. This enzyme selectively consumes methane by breaking it down into methanol. To assemble an active site similar to monooxygenase, the literature reports Cu-ZSM-5, Fe-ZSM-5, and Cu-MOR, using zeolites and systems like CeO2/Cu2O/Cu. However, the trade-off between methane activation and methanol selectivity remains a challenge. Density functional theory (DFT) calculations and spectroscopic studies indicate catalyst reducibility, oxygen mobility, and water as co-feed as primary factors that can assist in enabling higher selectivity. The use of chemical looping can further improve selectivity. However, in all systems, improvements in productivity per cycle are required in order to meet the economical/industrial standards.
Introduction
Methane constitutes a major fraction of natural gas, coal bed gas, shale gas, and biogas. Despite being a classified greenhouse gas [1] , its high calorific value, and ease of availability makes methane a widely consumed fuel in chemical industries and households. Combustion of methane is employed worldwide to produce energy at the cost of CO2 emissions. Selective conversion of methane to portable fuels, such as methanol, instead of its combustion, is an alternative greener route, which meets wide interests [2] [3] [4] .
The global production of methanol today is more than 70 million tonnes per year, considering its broad application in the synthesis of products as well as its use as a blending component for transportation purposes [5, 6] . Methanol is one of the first building blocks for a variety of synthetic materials, such as adhesives, paints, LCD screens, silicones, and pharmaceuticals, and can also be used to produce a range of chemicals, such as formaldehyde, olefins, propylene, and dimethyl ether. Out of the total methanol production, China alone produces 65%, utilizing this fuel for transport as various blends from M5 to M100 [7] .
Production of methanol was commercialized for the first time in 1923 by Mathis Pier at the Badische Anilin and Soda Fabrik (BASF). In this process, methanol was produced using syngas catalyzed by zinc chromite at 573-673 K and 30 MPa [8, 9] . By the end of the 1920s, around 42,000 metric tonnes of methanol [10] [11] [12] was produced per year [8] . Currently, 60% of all methanol is synthesized using the Johnson Matthey industrial process, in addition to 25% by Lurgi, around 10% by Mitsubishi, and the remaining 5% by Kellog and others [13] . Moreover, the global methanol market is estimated to grow up to 48 billion US dollars by 2024 from its current worth of 25 billion US dollars in 2018 [14] . Improvement in methanol production is therefore essential to meet the increasing demands.
The syngas route, employed industrially for the production of methanol, is known as the indirect route. Herein, syngas is produced by steam reforming of methane (SRM), which is further converted to methanol by hydrogenation, as shown in Figure 1a [15] [16] [17] . Syngas generation in SRM incurs high capital and operating costs [18] in addition to gas compression and extensive heat transfer equipment [12, 18] requirements, which makes this process economically viable only on a large scale. The high temperature and pressure operations further entail a major decline in methanol selectivity due to syngas forming methane [19] or ethanol [20] as the primary by-products, along with minor amounts of acetone and methyl ethyl ketone, which are difficult to remove by distillation [21] . Figure 1 . Overview of methane conversion to methanol using (a) the indirect method, which is carried out industrially via syngas. Gas compression, heat removal, and gas recycling make the indirect method only economically viable in a large-scale operation. Conversion of methane to methanol using (b) the direct method is an alternative promising route to meet the growing methanol demand [13] .
In contrast to the indirect route, economical conversion of methane to methanol on a smaller scale, e.g., at remote oil extraction facilities to prevent methane flaring, is possible using a direct method [22, 23] .The direct route, as shown in Figure 1b , circumvents intensive operational conditions as it bypasses the synthesis gas step, reduces cost, is more compact, and has higher conversion rates and higher selectivity [23, 24] . These advantages have motivated researchers across the globe to test the activity of varying natural and synthetic catalytic materials and oxidants for direct conversion of methane to methanol (DMTM) as a potential alternative route to the conventional process.
Direct Methane to Methanol (DMTM) Synthesis

DMTM in Nature
DMTM occurs in nature uniquely by the action of methanotroph bacteria. Methanotrophs produce methane monooxygenase (MMO) enzymes, which are capable of oxidizing the C-H bond of methane and consume it as a source of carbon and energy at an ambient temperature, as shown in Figure 2a [2, 25] . These MMOs are found mostly in wetlands, rivers, rice paddies, oceans, deciduous woods, and sewage sludge, where the concentration of methane is high [25] . MMOs occur in two forms, as soluble and particulate enzymes (sMMO and pMMO), which activate methane by splitting molecular oxygen at its metal centers, followed by incorporating one atom of oxygen into methane. Oxygen binds to the metal centers forming metal-superoxo intermediates, which turns the kinetically inert ground state of O2 into a more reactive doublet state of O2 − .
Figure 2.
Methane consumption in nature by methanotrophs (MMO): (a) Proposed catalytic mechanism of di-iron active site in soluble methane monooxygenase (sMMO), which consumes methane to methanol [26, 27] . Methanol produced further converts to formaldehyde and CO2 using enzymes, such as methanol dehydrogenase (MDH), formaldehyde dehydrogenase (FADH), and formate dehydrogenase (FDH) [25] . (b) The structure of the di-iron active site in sMMO [26, 27] .
The methane oxidation activity in sMMO is dependent on three proteins: the hydroxylase, regulatory component, and reductase. The active site in sMMO is a μ-1,2 peroxo-bridged Fe-species, as shown in Figure 2b , also known as the di-iron site for oxygen activation and methane oxidation [28] [29] [30] [31] [32] [33] [34] . The coordinative interaction of the di-iron site with the hydroxylase protein and regulatory B component in sMMO transfers OH to the methyl radical, forming methanol. Methanol is then converted to formaldehyde by methanol dehydrogenase, which is further oxidized to form formate and to assimilate carbon.
In comparison to the iron based active centers in sMMO, pMMO contains a catalytic copper center [13, 35] . In a recent report, Ross et al. [36] reported that pMMO consists of two mono-copper active sites, having an assembly of protein sub-units, PmoB and PmoC, for methane binding and oxidation [36] . According to their study, methane oxidation to methanol in pMMO occurs in the presence of an electron donor, formaldehyde dehydrogenase (FADH), which generates hydrogen peroxide (H2O2) at the PmoB site. The presence of a displaceable solvent ligand in PmoC further allows H2O2 to produce OH • , which oxidizes methane [37] . These co-operative mechanisms enable MMOs to have 100% selectivity to methanol formation. However, despite the high methanol selectivity, the enzymatic productivity of sMMO and pMMO reported is 10 −7 and 10 −8 mol/g/s, respectively [38, 39] , which is far from the economical/industrial requirements of 10 −6 to 10 −4 mol/g/s [40] .
Inspired by the active sites of MMOs, having Cu or Fe as the active metal, synthetic catalysts using these same metals supported on zeolites have been reported in literature for DMTM. Next to the metal center, the nature of the oxidant plays a critical role, in view of generating activated oxygen. Processes using liquid phase and gas phase oxidants for methane activation have been explored. Yet, in contrast to total oxidation, selective oxidation of methane and, in particular, the catalyst activity to selectively produce methanol is still very challenging. This review focuses on catalytic materials that have been reported to selectively activate methane to methanol, to the role of oxidants, and the challenges associated to these materials, as well as to the process and potential approaches to improve the DMTM performance.
Bio-Mimetic Zeolites: H2SO4, H2O2, and N2O
In Fe-ZSM5, besides the intrinsic chemistry of the active site, Szécsényi et al. [41] reported that a number of secondary variations in the local environment of bi-nuclear Fe(IV) clusters deposited in ZSM5 affects the activity towards C-H activation in methane. These variations are destabilization of transition states (TS) and product states due to the confinement effect of the zeolite micropores, which causes a reactivity shift. The microporous structure of ZSM5 therefore has a key effect on the confinement of metal cations and active sites, which allows to form and stabilize high spin Fe IV =O species [42] .
Using concentrated sulfuric acid as the oxidant, Periana et al. [43, 44] reported liquid phase activation of methane over Hg-and Pt-based catalysts. This process converts methane to methyl bisulfate, which subsequently oxidizes to methanol by hydrolysis. However, hydrolysis of methyl bisulfate to extract methanol and separation of the catalyst remain challenging in this process. Later, Hammond et al. [45] reported hydrogen peroxide (H2O2) as oxidant in the liquid phase as feed (exsitu) and also generated in-situ for DMTM. H2O2 reacts with di-iron centers of Fe-ZSM-5 to produce methyl hydroperoxide as the primary product from methane. The unique diferric active site, containing one ferryl (Fe IV =O) and one Fe-hydroperoxy (Fe-OOH), results in selective formation of methyl hydroperoxide, which further transforms to methanol. At 323 K, they reported 10% maximum methane conversion and 93% methanol selectivity in a batch system [45] . Hutchings et al. also reported an array of catalysts viz., Fe-ZSM5 [46, 47] , CuFe-ZSM5 [48] , Au-Pd nanoparticles [49, 50] , Au-Pd/TiO2 [51] , and Au-Pd-Cu/TiO2 [52] , viable in catalyzing selective oxidation of methane to methanol. Addition of Cu to Fe-ZSM5 was reported with higher methanol selectivity as Cu 2+ is considered essential to retain methanol. Furthermore, the trimeric 2.5% Au 2.5% Pd/1.0% Cu/TiO2 catalyst was reported with 82.7% methanol selectivity in an ex-situ liquid phase process. TiO2 was reported inactive to the reaction, but addition of Au, Cu, and Pd increased methanol selectivity and reduced formation of formic acid [51] . Contrary to ex-situ H2O2 systems, the methane oxidation rate for in-situ systems using the same catalyst was reported low due to a competitive Cu-catalyzed H2O2 reaction. Despite being environmentally benign, the use of expensive H2O2 as an oxidant is a significant limitation, which makes the process commercially less viable.
Using gas phase N2O as the oxidant, Panov et al. [53, 54] and Starokon et al. [55, 56] reported for the first time partial oxidation of methane on Fe-ZSM-5. N2O as the oxidant on the surface of Fe-ZSM-5 was reported to create so-called α-oxygen sites. Panov defines α-oxygen as isolated ions or small complexes inside the ZSM-5 channels. In this catalyst, the presence of Fe determines the activity of the catalyst. The activity of Fe to decompose N2O is two to three orders of magnitude higher than its ability to activate dioxygen. The low temperature decomposition of N2O on Fe-ZSM-5 occurs via oxygen binding to the surface, creating α-oxygen sites with 0.2 to 0.25 N2O molecules bound per Fe atom. This α-oxygen is highly reactive and behaves similar to radical oxygen species, such as O − and OH • . An α-oxygen center in Fe-ZSM-5 is also postulated as a bis(μ-oxo)di-iron(IV) unit that acts as the DMTM active moiety in this catalyst [57] [58] [59] . The presence of these active centers results in irreversible consumption of methane on the catalyst surface at room temperature, forming methoxy species which strongly bind to the surface. Desorption of methanol therefore requires higher temperatures, around 520-570 K in Fe-ZSM-5, which easily leads to deeper oxidation products, such as COx species, rather than methanol. Other than thermal desorption, solvent extraction of methanol has also been reported in literature, but this approach often leads to destruction of the active site.
Similar to Fe-ZSM-5, direct mimicry of the bio-enzymatic process has been considered widely using Cu-ZSM-5. In Cu-ZSM-5, [Cu2(μ-O)] 2+ is reported as the core active site for direct conversion of methane to methanol, which could be activated by N2O, as well as by di-oxygen as the oxidant [60] .
Bio-Mimetic Zeolites: O2 as Oxidant
In Cu-ZSM-5 for DMTM, Lercher et al. [61] reported the presence of trinuclear [Cu3(μ-O)3] 2+ extraframework complexes in addition to bis(μ-oxo)dicopper [Cu2(μ-O)] 2+ [60, [62] [63] [64] , which resembles the structure and reactivity of the active complex in the enzymatic system. Occurrence of these extraframework complexes is largely based on the oxygen environment. Using periodic density functional theory (DFT) calculations with ab initio thermodynamic analysis, Li et al. [65] reported that under oxygen rich conditions, Cu-ZSM-5 activated at a high temperature shows the prevalence of trinuclear [Cu3(μ-O)3] 2+ [65] . On the other hand, the binuclear [Cu2(μ-O)] 2+ sites are the preferred species under relatively low O2 partial pressure.
Using di-copper oxo species with mixed valency, Mahyuddin et al. [24, 66] recently reported a DFT study with bis(μ-oxo) Cu II Cu III , (μ-oxo)(μ-hydroxo)Cu II Cu III , and Cu III O species in pMMO, in addition to mono(μ-oxo)Cu II Cu II and tris(μ-oxo)Cu II Cu III Cu III species in zeolites that can hydroxylate methane with reasonably low activation energies [67] . They found that it is the bridging oxygen atom that is highly reactive to cleave methane with an activation energy of 66 kJ/mol. By varying the zeolite structures, the geometry of [Cu2(μ-O)] 2+ is altered, leading to different Cu-O-Cu angles that affect the catalytic activity. A possible catalytic cycle of methane to methanol on Cu-zeolites, such as Cu-AEI, Cu-CHA, Cu-AFX, and Cu-MFI, is shown in Figure 3a [66] . Mahyuddin et al. [66] suggested that when methane adsorbs on the Cu-ZSM-5 catalyst, the [Cu2(μ-O)] 2+ active center causes homolytic dissociation of the C-H bond of methane via the first transition state (TS-1), forming a methyl radical [CH3•···HOCu2] 2+ -zeolite [66, 68] . The radical hereafter either reacts with an OH ligand to directly form a product (methanol complex) via (TS-2) or it migrates to the Cu-atoms to form a Cu-CH3 bond, which recombines indirectly via (TS-2) to form methanol. Once methanol desorbs, it results in a final complex [2Cu] 2+ − zeolite + CH3OH, while the bridging Ooxo atom is regenerated via the third transition state (TS-3), thereby completing the catalytic cycle. At 483 K, the steady-state methanol production rates using Cu-Na ZSM-5 and Cu-H ZSM-5 were reported to be in the range of 10 −10 mol/gcat./s with a site time yield (STY) of 10 −6 mol/molCu/s [71] . At this temperature, the methanol selectivity ranges from 70% to 98% for Cu-based ZSM-5 and mordenite zeolites, respectively. Nevertheless, subsequent methanol desorption from the zeolites is quite challenging [71] [72] [73] . This is because the desorption activation energy for zeolites, such as [Cu2(μ-O)] 2+ -AEI, -CHA, -AFX, and -MFI, is quite high, amounting to 13, 23, 22, and 29 kJ/mol, respectively [66] . Strong interaction of methanol with the cations in ZSM-5 causes up to 2.5 molecules being linked per cation at room temperature, which only completely desorb at 566 K [74] . Hence, although the active oxygen species in Cu-zeolites enable us to selectively activate methane to produce methanol, the acid strength of ZSM-5 results in a higher temperature required for methanol desorption [75] .
Temperature programmed desorption (TPD) profiles of methanol from ZSM-5, shown in Figure  3b , can be compared with methanol desorption from an oxide, such as ceria, as shown in Figure 3c . Methanol desorption from ZSM-5 occurs at 400-550 K, which often results in a fraction of methanol being dehydrated, yielding dimethyl ether [71] and formaldehyde, in addition to other minor products that are difficult to separate from each other [13, 55] . Further increasing temperature results in poor methanol selectivity, with CO and CO2 as major products [73] . In comparison to zeolites, methanol desorption from ceria ranges between 150 to 250 K, suggesting that methanol desorption is not hindered in ceria. In search of a material with optimum reducibility and acid-base characteristics for DMTM, metal oxides, such as ceria, can be considered as potential candidates.
Metal Oxides: O2 as Oxidant
Metal oxides, such as MoO3 [76, 77] , V2O5 [78] , La2O3 [79] , SiO2 [80] , and CeO2 [81] [82] [83] , are reported to activate methane in DMTM. Oxide surfaces are often considered to be "living", as in a breathing motion, as a result of the Mars-van Krevelen mechanism. As an example, Nibbelke et al. [84] reported an 16 O 18 O response during 18 O2 interaction with Sn/Li/MgO. According to the Mars-van Krevelen mechanism, reactions on an oxide surface proceed via a redox mechanism, wherein catalyst lattice oxygen appears in the reaction products. Such occurrence leaves behind a surface vacancy, which is subsequently replenished by reoxidation through one of the reactants [85] [86] [87] . Pacchioni refers to this oxygen vacancy as the "invisible agent of oxide surfaces" [88] . He describes oxygen vacancies as point defects that represent the fingerprint of the electronic structure of the oxide. Exchange of lattice oxygen atoms through the Mars-van Krevelen mechanism may appear in the products of both selective and deep oxidation reactions [89] .
Dissociation of methane is fairly facile on a metal oxide surface such as IrO2 (111) at temperatures as low as 150 K [90] . In this study, Liang et al. [90] reported that methane molecules bind very strongly to IrO2 (111), wherein the back donation of charge from the Ircus atom weakens the C-H bond of methane and promotes cleavage. Here, cus represents pairs of unsaturated O centers and cations on the IrO2 (111) surface, which acts in a cooperative way to dissociate the C-H bond in methane. However, most of the adsorbed methane on IrO2 (111) easily oxidizes to CO, CO2, and water [90] . Akin to IrO2 (111), Senftle et al. [91] reported a Pd/CeO2 catalyst for low temperature activation of methane. Incorporation of Pd in ceria facilitates Pd 4+ ↔ Pd 2+ transition enables rapid catalytic turnover. The fluorite lattice of ceria allows Pd atoms to change between octahedral and square planar coordination environments, leading to a facile Pd oxidation shift. This results in O2 oxidized Pd sites to serve as reduction centers for methane activation [91] . Hence, the methane oxidation rate on Pd-O-Ce linkages of a Pd/ceria catalyst is reported higher than on pure ceria [92] . Adsorption of methane on PdxCe1-xO2(111) results in the abstraction of H by the surface oxygen atom, forming CH3 • . However, the subsequent adsorption of CH3 • on the surface can lead to consecutive C-H breaking steps that result in formation of CO2. Therefore, these studies indicate that, in addition to C-H bond activation of methane, stabilization of the methyl species is a crucial factor in order to make selective oxidation of methane to methanol dominant over deep oxidation. Moreover, methanol dehydration to formaldehyde that further decomposes to CO is also a critical challenge.
Addressing the latter two challenges will require specifically pointing out the role of the lattice oxygen and then possibly laying out a strategy as to how methanol selectivity and yield could be enhanced over metal oxides. An essential element of this strategy is the question, whether it is just a material of choice that could enable a desired selectivity or is rather a process combined with a material that is more selective. Moreover, if a combination of process and material are of essence for selectivity, is this restricted to one specific material or can it include a range of materials with a specific inherent characteristic?
Insight in lattice oxygen mobility and its dynamic response characteristics [93] , influencing methane activation and methanol selectivity, is therefore discussed and illustrated using DFT methods and spectroscopic studies reported in literature.
Ceria Surfaces
In ceria surfaces, the electronic and redox properties are dominated by oxygen vacancies, which account for its important role in vehicle exhaust treatment, water gas shift reaction, fuel cells, and CO oxidation reactions [94, 95] . The O-vacancy formation energy is 30% lower on a ceria surface compared to its bulk [96, 97] . Hence, ceria surfaces allow for easy exchange of O between surface and adsorbates, which gives it the unique redox feature of excellent oxygen storage, as well as release. This implies ceria can exist as CeO2, Ce2O3, and other intermediate oxides, while retaining its original fluorite crystal structure [98] . Creation of an O vacancy results in two of the adjacent Ce cations to change the oxidation state from Ce 4+ to Ce 3+ . Using spatially resolved scanning transmission electron microscopy -electron energy loss spectroscopy (STEM-EELS) experiments, Meledina et al. [99] reported Ce M4,5 edges acquired from the bulk and surface of reduced ceria nanopowder, as shown in Figure 4a Figure 4b ,c. In addition, EELS spectra from two distinct areas were compared to reference spectra for Ce 4+ and Ce 3+ (Figure 4e ). Reduced ceria showed significant Ce 3+ contribution at its surface, while the bulk largely corresponded to Ce 4+ . Thus, as the surface contains higher Ce 3+ , more oxygen vacancies are present. reference EELS spectra for Ce 3+ and Ce 4+ , together with spectra acquired from the core (1) and surface (2) of a ceria nanoparticle.
Doping
Doped metal oxides exemplify unique chemical interactions between metal dopants and host oxides that are widely exploited to identify an optimal catalyst design. The ceria fluorite structure, with oxygen anion Frenkel defects (vacancies), allows us to generate solid solutions when a tetravalent cation in the host structure is replaced with a less positively charged ion [82, 100] . Doping of a crystal structure with heteroatoms with a different valence than the original cation results in a charge imbalance that is typically compensated by creation of other defects in the structure [101] . The latter are responsible for the enhancement of oxide reducibility in 11wt.%CuO-6wt.%CeO2/Al2O3, as reported by Menon et al. [102] . They incorporated Cu 2+ ions, smaller than Ce 4+ , into CeO2 crystallites, thereby lowering the reduction temperature of the formed binary metal oxide. In this catalyst, copper existed either as large CuO monocrystalline particles or inside solid solution Ce1−xCuxO2−x clusters, as shown in Figure 5 . Hence, doping with heteroatoms increases the concentration of defects, thereby changing the chemical and physical properties of the oxide. These vacancies can improve the stabilization of deposited metal nanoparticles, which eventually tunes their chemical activity as well [101, 103, 104] . Probing the redox properties of ceria, Mayenick and Janik (2008) [91, 92] reported that the CH4 energy of adsorption on a ceria surface is dependent on the surface reducibility. Since the latter is measured as the oxygen vacancy formation energy, Pd-containing surfaces in Figure 6 exhibit the most exothermic vacancy formation, as well as adsorption energies, followed by Zr-substituted ceria and lastly pure ceria. The linear correlation between vacancy formation and methane adsorption is based on the fact that both are reduction processes [92] . Thus, dissociative methane adsorption is directly related to vacancy formation. To gauge the activity of metal-doped ceria for methane activation, Tian et al. [100] compared C-H bond dissociation between the pure CeO2(110) surface and a Co-substituted CeO2 (110) . They reported that cobalt substitution greatly facilitates C-H bond activation by reducing the adsorption energy from 1.7 to 0.8 eV at the transition state in the Oa site, as calculated by DFT [100] . Singha et al. [105] reported that the distance between a surface cerium atom and an interfacial O atom increases with the addition of a Ni4 cluster, which draws the surface O atoms of ceria outward from the surface plane. This increase in bond distance makes O atoms very reactive for methane activation. Similarly, Zhang et al. [82] reported methane decomposition using ceria supported metal oxides (MOx) with M = Cu, Ni, and Fe. With each of these metals, the MOx ad-layer changes the reducibility of ceria, and the interface between metal and oxide is strongly affected by the presence of oxygen vacancies. This resulted in adsorption of methane on MOx/CeO2, while none occurred with plain ceria. Moreover, methane, being a reducing gas, results in a change in the oxidation state of the metal oxide, as well as the support, with CuOx/CeO2 being reduced most easily (at 533 K), while FeOx/CeO2 is more difficult to reduce (at 840 K). Further, methane consumption on metallic Cu 0 is ineffective in contrast to Fe 0 and Ni 0 . Complete methane decomposition was reported using Fe 0 /CeO2−x followed by Ni 0 /CeO2−x and then Cu 0 /CeO2. The high reactivity of Fe 0 /CeO2−x led to more intense CHx and COx groups being detected in X-ray photoelectron spectroscopy (XPS) at ~284.5 and 290 eV [82, 106] , as presented in Figure 7a , while completely decomposing methane to H2, CO, CO2, and water at temperatures up to 840 K, as shown in Figure 7b . An interesting synergy between the distortion of the oxygen polyhedra in ceria and the amount of dopant content was reported by Sadykov et al. [107] Incorporation of Sm 3+ and Bi 3+ as dopant into ceria with Pt as the active metal enhanced lattice oxygen mobility, which resulted in partial oxidation of methane to syngas. They reported that the residual lattice hydroxyls in pure ceria strongly distort its oxygen polyhedra. This distortion can be reduced by doping a metal into the support, e.g., Ce1−xSmxO2. At low dopant content, anion vacancies appear, which relax the structure, thereby minimizing the polyhedral distortion. On the other hand, at high dopant content, polyhedral distortion increases, resulting in a compete structural re-arrangement. Correlating these structural changes in terms of activity, they reported that the presence of anion vacancies and surface defects at low dopant contents selectively yields syngas, while at high dopant content only deep oxidation products, such as CO2, were observed. The addition of Pt to Ce1−xSmxO2 (at low dopant content) further improves reducibility, thereby enhancing the syngas selectivity.
Thus, the oxygen storage capacity (OSC) of ceria improves by introducing a dopant cation. A dopant increases the amount of oxygen vacancies, leading to enhanced oxygen mobility and, hence, reducibility. However, the outcome of higher oxygen mobility is higher catalytic activity, which could easily lead to complete oxidation.
In order to perform selective oxidation, an ideal oxygen carrier, therefore, must have an "intermediate" surface M-O bond strength and "intermediate" mobility of lattice O atoms in order to be both selective and active. [108] A weak M-O bond will release O atoms very easily, resulting in reactants undergoing complete oxidation. In contrast, a strong M-O bond implies that the material is a weak oxidant. One way to control the M-O bond strength is by changing its reduction degree. For instance, Menon et al., [109] reported CuO-CeO2/Al2O3, pre-treated with dioxygen, showing a decrease in the rate of toluene total oxidation with an increasing degree of catalyst reduction. However, no change in the product selectivity was observed with increasing degree of reduction. This suggests that, other than the oxidation state of the catalyst, it is rather the oxidant that might play a critical role in changing the product selectivity. The oxidant nature dictates its interaction with the catalyst, allowing only certain sites to be activated depending on its oxidation potential. Hence, at a given operating temperature, the sites activated using oxygen as the oxidant will not be the same if a softer oxidant, such as CO2 or water, is used. Apart from the oxidizing ability, soft oxidants minimize secondary reactions to occur, which otherwise often result in the formation of deep oxidation products. Moreover, the energy required to form O vacancies, ΔEvac, can be tuned using soft oxidants in order to sustain a sufficient concentration of vacancies that can reach the surface, while avoiding too high oxygen mobility [108] .
From Methane Activation to Methanol Selectivity
The most challenging factor in the direct methane to methanol route is to achieve enhanced methanol selectivity at a reasonable methane conversion. In this context, some studies have reported that the presence of water can steer a catalytic cycle to selectively produce methanol. This function involves water taking up a role as promoter. To do so, dissociation of water on a suitable material is required, whereby the OH formed aid in stabilizing the methyl species.
One such material is the inverse catalyst CeO2/Cu2O/Cu. "Inverse catalyst" is a term coined by Rodriguez et al. [110] , which refers to the configuration of oxide nanoparticles supported on a metallic substrate. An inverse catalyst therefore exposes the oxide nanoparticles to the reactants and allows reactants to interact with the defect sites in oxides, the metal sites, and the metal-oxide interface [110] . Using DFT calculations, Rodriguez et al. [111] reported that dissociation of water on Ce6O13/Cu (111) is exothermic in nature with a ΔE value of −0.33 eV and an activation energy lower than 0.35 eV. The same was also verified using XPS, showing partial dissociation of water to OH and H at 300 K [111] .
Under water gas shift (WGS) conditions, Senanayake et al. [112] reported that the inverse catalyst CeO2/Cu2O/Cu transforms into CeOx/Cu, while water dissociation is the rate-limiting step. To assess activity, they made a direct comparison between Cu nanoparticles supported on ceria and CeOx/Cu, as presented in Figure 8 . The inverse catalyst has considerably better activity, indicating that the interaction between the oxide nanoparticles and Cu, in particular at the interface, is unique in facilitating water dissociation. In inverse oxides, defect sites of the oxides are no longer covered by the metal as in the case of traditional metal/oxide catalysts, so that they give higher activity. [87] Several authors have reported that the presence of O vacancies and edge atoms in ceria nanoparticles drastically affects their reactivity towards CO, CO2, O2, and H2O [112] [113] [114] . Paier et al. [115] also suggested that oxygen vacancies in ceria promote decomposition of water molecules into active OH species, thereby providing an active catalyst surface in the presence of water vapor [94] . (100), as well as on a copper surface, approximately 20% covered by ceria. The CeOx/Cu (111) surface was prepared by dosing Ce to Cu(111) at 650 K under an atmosphere of O2 (p ~5 × 10 −7 Torr). A total of 0.5 the monolayer (ML) of Cu vapor was deposited on CeO2 (111) , and ZnO(0001) surfaces were taken as reference. These reference catalysts were prepared at room temperature and heated further to water gas shift (WGS) temperatures, between 574 and 649 K [111] .
Using CeO2/Cu2O/Cu, Zuo et al. [83] also reported low temperature activation of methane to methanol in presence of water. Incorporation of ceria into Cu (111) under an oxygen atmosphere leads to formation of Cu2O (111) , with two types of ceria islands on top: small islands (2-5 nm in size, CeOx-I) on the copper terrace and large islands (30-50 nm in size, CeOx-II). These islands were visualized using scanning tunneling microscope (STM) by Rodriguez et al. [111] and Yang et al. [116] on the substrate edges, as shown in Figure 9a . [110, 111] ; (b) C1s XPS spectra collected after exposing Cu2O/Cu(111), CeO2/Cu2O/Cu (111) , and H2O/CeO2/Cu2O/Cu(111) to 1 Torr of methane at 300 K for 5 min. In CeO2/Cu2O/Cu(111), 40% of Cu2O was covered by ceria. The CeO2/Cu2O/Cu(111) surface was exposed to 50 Langmuir of water at 300 K to generate H2O/CeO2/Cu2O/Cu (111) . The absence of C and COx on H2O/CeO2/Cu2O/Cu (111) shows absolute selectivity for CHx species, thereby indicating no decomposition of CH4 to C or CO2. [83] .
At small and medium coverages of ceria (<0.5 monolayer (ML)), these islands appear as a single layer of (O-Ce-O-Cu) stacking. The ability of ceria to dissociate water into OH and H results in OH anchored to CeO2/Cu2O/Cu with high lying O2p states that are more active in attracting and dissociating methane. In the case of Cu2O/Cu, these adsorbed OH remain embedded in the hexagonal cavity of the Cu2O surface, which makes interaction with methane difficult. The activation barrier for dissociation of methane using Cu2O/Cu lies around 1.6 eV, while for CeO2/Cu2O/Cu, interfacial Ce 4+ at the O-sites helps to dissociate methane to methyl with an activation energy of 0.5 eV [83] .
Moreover, the adsorbed OH occupies part of the surface sites that are otherwise responsible for complete decomposition of methane to C and COx species. This blocking of methane decomposition sites allows CeO2/Cu2O/Cu to enhance methanol selectivity in the presence of water, as shown in Figure 9b .
In addition to ceria, Cu2O in itself does not play a very significant role in methane dissociation. As a promoter, it could serve as a water gas shift catalyst. However, a precise mechanism of the set of consecutive events has not been reported to date. With this study [83] , Zuo et al. claim that at 450 K in the presence of water, CeO2/Cu2O/Cu converts methane directly to methanol. Moreover, the ceria nanoparticles deposited onto Cu2O were also reported to be efficient for adsorbing and dissociating O2 molecules with a subsequent spillover of O to the copper substrate and an enhancement in the rate of CuOx formation. With less than 50% coverage of copper oxide by ceria, the ceria islands only consist of a single layer with O-Ce-O-Cu stacking. This single stack is considered active for methane activation, which, along with excess water, enables higher methanol production than CO and CO2. At 450 K and 50% coverage, these inverse catalysts show a methanol to CO and CO2 ratio close to 3:1, as shown in Figure 10 . Figure 10 . Activity of inverse catalysts: Production of methanol and CO/CO2 as a function of ceria coverage in a series of CeO2/Cu2O/Cu(111) catalysts. The samples were exposed to 1 Torr of CH4, 0.5 Torr of O2, and 4 Torr of H2O at 450 K in a batch reactor. Under a water-rich environment and with increasing coverage of ceria on Cu2O up to 40%, methanol production rises with CO and CO2 as secondary products. A ceria coverage higher than 40% results in two or three layer islands, which are not as active as single layer O-Ce-O-Cu stacking for methane oxidation [83] .
Next to Cu-CeO2, Ni-CeO2(111) is another suitable catalyst, as the ceria support can modify the electronic properties of nickel by increasing its oxidation state [117, 118] . It has also been reported for water-assisted methane activation by Lustemberg et al. [119] , who co-fed methane, O2, and water to obtain stable catalyst activity, as shown in Figure 11 . Co-existence of O2 and water allows O2 to activate methane, at an O/Ni4/CeO2 surface, and water to lower the activation barrier for the formation of methoxy species (step I). Water produces surface hydroxyl groups on the ceria support, accompanied with the formation of additional Ce 3+ , thereby lowering the activation energy barrier for methoxy formation from 1.16 eV to 0.31 eV, as shown in step II. Moreover, the OH groups formed produce new adsorbed water molecules by recombining with hydrogen previously abstracted from methane. Despite the water formed, the activation energy barrier for methoxy formation from methyl increases at each further step. Ni (blue), Ce 3+ (gray), Ce 4+ (white), surface/subsurface lattice oxygen atoms (red/green), oxygen atoms from chemisorbed species (red), hydrogen (orange), and carbon atoms (black). The principal reaction path is depicted in blue with each step written in red, whereas alternative routes are shown in black, gray, red, and light red, as well as light blue [119] .
Hence, water in excess enables us to block all nickel sites that easily dissociate methyl to C (step IV). Consequently, methanol formation from the methoxy group is also assisted by the H-atom donated by the water adsorbed (step V). Lastly, desorption of methanol occurs via step VI, pointed out in Figure 11 , with a 0.69 eV barrier transition state. Hence, excess water helps in the formation and desorption of methanol by providing H and OH species to the Ni-OCH3 + Ni-H to yield Ni-OH + Ni + CH3OH(g).
Furthermore, ceria as support modifies the electronic properties of nickel by increasing its oxidation state. This modification can be typically important for applications such as electrical sensors, wherein no change in oxidation was reported with effect of temperature, aging, offset, and drift [117, 118] . Strong metal-support interactions therefore play a crucial role in O-H and C-H bond dissociation. Hence, excess water not only hinders easy dissociation of methyl to CH2 + H, but also assists in methanol formation and desorption, rendering the reaction more selective for methanol. The methanol selectivity using Ni-CeO2(111) with a 4:1 ratio of CH4:H2O was reported at ~35%.
The possible crucial role of water and surface hydroxyl species has also been reported by Saeys et al. [120, 121] in the activation of CO in Fischer-Tropsch. Using coverage-dependent DFT simulations, De Vrieze et al. [120] reported that the presence of water in the feed converts the alkoxy intermediate to alcohol via proton transfer from either OH * or H2O * . Moreover, ZnO and CeOx, herein, were also reported as facilitators for water activation on a Cu surface.
In summary, water could be adequate to achieve slow oxidation of the surface, avoid the formation of strong redox sites, and thereby maintain low oxygen mobility so as to yield a stable reaction intermediate production. However, it should be noted that water alone is not sufficient, because the oxidizing capacity of water cannot balance the reducing power of methane. Further, a feed with only oxygen and methane will result in negligible methanol formation. Hence, it is the intriguing interaction between a strong reducing agent, such as methane, along with the strong oxidant O2 and mild oxidant water, that enables the desired methanol selectivity. Based on the above studies, ceria is a potential material of choice because it can dissociate water and thereby induce the cycle of interaction between formed OH, H, and H2O, facilitating methanol production.
Next to ceria, it is well known that metal oxides, such as Al2O3, V2O3, MgO, Fe3O4, TiO2, CoO, NiO, ZrO2, and La2O3, as well as perovskites, are active for dissociation of water on their surface, while some of these are also reported for catalytic partial oxidation of methane [122, 123] . Such activity is ascribed to the presence of highly uncoordinated defect sites in these oxides. The latter comprise a wide variety of structural arrangements of cations and anions, responsible for a concerted effort via cations binding water and anions abstracting protons. These defect sites or vacancies also account for surface reducibility, which in turn affects catalyst activity and selectivity [124] . On the one hand, low surface reducibility corresponds to high vacancy formation energy, which leads to low C-H activity, but high methanol selectivity. On the other hand, high surface reducibility corresponds to low vacancy formation energy, which entails high activity, but low selectivity. Hence, with metal oxides, which can take multiple oxidation states, it is imperative to obtain an optimal surface reducibility. The desired descriptor for selective oxidation of methane to methanol over metal oxides is then tuning the reactivity of lattice oxygen by optimizing the ratio of co-oxidants next to methane.
Beyond Catalysis: Chemical Looping
The above discussion on the role of oxygen and water to improve methanol selectivity steers the interest in applying chemical looping (CL) strategies for DMTM. Chemical looping (CL) is a technique applied mainly for oxidation reactions, which involves cyclic reduction and oxidation of a metal oxide that serves as an oxygen carrier. It enables high flexibility to the system via controlled oxidation of the feed by the metal oxide and controlled oxidation parameters for the oxidant, individually. This flexibility makes the process more selective, safer in operation, and allows for complete fuel utilization. In CL, a reaction is divided into sub-reactions, which are linked together by a solid looping material, typically a metal oxide. The reactions can be connected either in separate reactors or as subsequent steps in a single reactor [125, 126] . CL therefore avoids direct contact of the oxidant and methane, as the stoichiometric oxygen required for the reaction is provided by the metal oxide [127] . Separation of oxidation and the reduction step in CL allows us to bypass dissociation of methyl and over-oxidation of methanol formed, which are the classical challenges in DMTM. There are multiple approaches to perform CL, which comprise of chemical looping combustion (CLC), partial oxidation (CLPO), and selective oxidation (CLSO). Figure 12 shows a typical schematic of chemical looping, which is employed to produce syngas and valuable chemicals from CO2 and/or methane. Chemical looping partial oxidation (CLPO) is particularly suited to generate high quality syngas with tunable H2:CO ratio. Perovskites and metal oxides, such as SrFeO3−δ/CaO·MnO [129] , Mo-Fe2O3-CeZrO2 [130] , and LaFeO3 [131] , have been reported to yield a H2:CO ratio of 2. The syngas formed can be further utilized separately to produce methanol. In contrast to CLPO, CLSO applies oxygen carriers with dedicated catalyst sites that enable to produce valuable chemicals [108] .
The desired product selectivity in CLSO can be obtained by tuning the nature of surface oxygen species on an oxygen carrier decorated with catalytically active sites [127] . An industrial example of CLSO is the conversion of butane into maleic anhydride (DuPont process), catalyzed by vanadium phosphorous oxide (VPO). In case of DMTM, a high selectivity to methanol is achieved by trapping the reaction intermediate on the surface of the active material, thereby avoiding consecutive oxidation [40] .
A modified approach to CLSO was recently reported by Suskevich et al. [22] , who applied water as the oxidant for selective oxidation of methane to methanol using a copper exchanged mordenite (Cu-MOR) zeolite, as shown in Figure 13 . A direct stepwise mechanism was proposed in this work, wherein each cycle consists of water activation in Cu-MOR at 673 K in a flow of helium, followed by cooling to 473 K and exposure to methane at 7 bars. Figure 13 . Steps involved in direct conversion of methane to methanol (DMTM) over copper exchanged mordenite (Cu-MOR) [22, 40] , which requires a cycle of high temperature material activation and low temperature methane activation in order to form methanol using 2Cu II as the active site.
With water as the sole soft oxidant, they observed insertion of oxygen atoms from the water into the C-H bond of methane using 18 O-labeled water experiments, as shown in Figure 14A . CH3 18 OH gave a delayed response in the first cycle, indicating only a minor oxygen exchange. However, its signal increased in the second cycle (after methanol desorption and helium treatment), at the expense of the signal from unlabeled methanol, after activation with H2 18 O, resulting in more 18 O atoms in the active sites of Cu-MOR. Using the cyclic methodology mentioned, Sushkevich et al. [22] reported that the methanol selectivity improved after the admission of water in the first cycle and remained constant during further cycles, as shown in Figure 14B . The presence of water vapor induced reoxidation of the active sites and desorption of methanol from Cu-MOR at 473 K and 1 bar total pressure. The methanol selectivity using this process was reported around 87% to 97%.
Correlating the CL redox process to the changing oxidation state of the catalyst further showed that Cu-MOR activated at 673 K mostly contained Cu II as the dominant oxidation state, along with a minor fraction of Cu I being formed, primarily due to auto-reduction. In presence of methane, the auto-reduction of Cu II to Cu I causes a loss in catalyst activity. Introduction of water does not induce full conversion of Cu I (inactive for methane oxidation) to Cu II (active for methane oxidation).
Conversion of only a fraction of Cu I sites to Cu II therefore resulted in less C-H bond activation in methane, resulting in a yield of only 0.2 mol/molCu at 673 K, in comparison to the maximum theoretical yield of 0.5 mol/molCu. In contrast to this, an even lower yield of 0.04 mol/molCu was reported at 473 K (that is without any high temperature pre-treatment). This was due to the poisoning effect of water in zeolites at a low temperature. Enhanced catalyst activity was only reported at high methane pressures, ranging between 7 to 25 bars. Moreover, formation of hydrogen was reported as a consequence of water splitting, wherein the O-atoms formed become part of the active Cu center and react with methane molecules [88] . In recent work, Lange et al. [40] reports that DMTM via chemical looping offers high methanol selectivity, but the methanol production rate of 2 × 10 −8 mol/g/s is not sufficient to be industrially promising. In order to become economically viable, an increase in intrinsic material productivity per cycle of the multi-step process is deemed essential [132] . In reference to this, chemical looping of DMTM via CeO2/Cu2O/Cu(111) serves as a potential candidate for industrial development. As mentioned in the previous section, Zuo et al. [83] reported that ceria added to copper oxide is active and selective to methanol formation under a water-rich environment. Moreover, in contrast to Cu-MOR, no pre-activation of CeO2/Cu2O/Cu (111) is required at higher temperatures, which makes the process, shown in Figure 15 , more simple. Figure 15 . Steps involved in: CeO2/Cu2O/Cu [75] , which can activate methane to form methanol at a single operating temperature in the presence of water using O-Ce-O-Cu as the active site. Table 1 shows a comparative activity of catalytic systems reported in literature for selective oxidation of methane to methanol. Comparing these studies, it can be suggested that, irrespective of the material used, whether zeolite systems (Cu-MOR) and/or inverse oxides (CeO2/Cu2O/Cu), it is the combined effect of material properties and process parameters that can potentially attain an effective activity, as well as a selectivity trade-off. Moreover, developed interests to employ oxidants, such as water, as discussed above, establish greener chemical processes. [22, 40] 
Conclusions
A dream reaction for chemists across the globe is the direct conversion of methane to methanol. Although the occurrence of this reaction in nature by methane monooxygenase (MMO) is known, its low specific activity makes it unsuitable for industrial application. Catalytic mimicking of MMOs through copper-supported zeolites, such as ZSM-5 and MOR, is reported to activate methane at low temperature and to produce methanol. However, the high acid strength of zeolites results in an increased activation barrier for methanol desorption, which in turn leads to the formation of formaldehyde and, therefore, low methanol yield. Moreover, since it is the oxo species in Cu or Fe zeolites that activates methane, the cooperative role of O centers and metal cations become a significant descriptor in the heterogeneous catalysts for oxidation reactions. A similar cooperative activity is prevalent in metal oxides, such as ceria, which are discussed extensively to indicate their activity towards methane activation and methanol selectivity. Metal doping or promotion of ceria facilitates the oxygen vacancy formation, thereby increasing the oxygen mobility. However, higher oxygen mobility favors complete rather than selective methane oxidation. However, the beneficial role of the vacancy defects in metal oxides is limited to methane dissociation and does not promote methanol selectivity. Hence, a better understanding of how active site properties dictate the trade-off in activity and selectivity is essential in order to obtain an optimal design of a DMTM catalyst.
Tuning of lattice oxygen mobility is feasible by controlling the reduction degree of the catalyst. In this context, a surface like that of ceria can dissociate water, which can be used to tune the vacancy defects. The formed OH species block the metal sites that can readily cause methyl decomposition, thereby hindering complete oxidation of methane. Further, OH from adsorbed water lowers the activation barrier for methyl to form methoxy species, while H combines with methoxy to produce methanol. This cycle renders the process more methanol selective. Moreover, the facile water formation and dissociation cycle not only improves methanol formation, but also allows easy methanol desorption. Hence, ceria is an ideal material as it can readily dissociate water, while a combined process methodology, involving methane, along with O2, as well as water, renders DMTM more methanol selective. Improvement in methanol selectivity can be further achieved by chemical looping approaches. Using Cu-MOR, such a periodic oxidation-reduction process, with the additional use of a mild oxidant like water, traps the reaction intermediate to improve methanol selectivity. With the current process, more than 90% methanol selectivity was reported, although still with a low material productivity per cycle of 2 × 10 −8 mol/g/s. Higher catalyst activity is required to improve the methanol production rate as per the desirable industrial standards.
To conclude, DMTM is suggested to be both material-and process centric, where it's not just a particular species that selectively oxidizes methane to methanol, but it's an intricate interaction between the adsorbed species and the catalyst interface, which controls the activity. An interesting synergy between water and methanol selectivity was highlighted in this study, using catalysts such as CeO2/Cu2O/Cu, Ni-CeO2(111) and Cu-MOR. Nevertheless, more experimental studies are required to validate these literature results in order to successfully embark DMTM to be viable on an industrial scale.
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